Abstract-The coercivity, time dependent magnetic properties and reversible magnetization behavior for a series of neodymium enriched alloys based on Nd 2 Fe 14 B has been investigated. These studies were carried out in an attempt to elucidate the dramatic increase in the coercivity in these materials with increasing dilution of the magnetic phase (Nd 2 Fe 14 B). Good correlation between the coercivity and the relative average linear spacing between magnetic grains was found for all but the lowest Nd content. As the Nd content is increased the reversible magnetization associated with domain wall pinning decreases. At high dilutions the reversible magnetization behavior is consistent with the predictions of a Stoner-Wohlfarth model of an assembly of noninteracting single domain particles. The magnetic viscosity parameter, 3, does not vary consistently with dilution or coercivity.
I. INTRODUCTION

M
AGNETIC materials based upon the Nd Fe B phase dominate the permanent magnet industry with commercially available magnets having energy products of up to 50 MGOe. A large body of work has been performed in an effort to understand the origins of coercivity in Nd Fe B materials, see review in [1] . Despite this work and the importance of this material the factors controlling the coercivity are not completely understood and the coercivity is limited to a fraction of the theoretical value [2] .
The coercivities in the commercially available magnets are achieved by the combination of the high anisotropy of the Nd Fe B phase and a suitable microstructure. In general this means the production of small grains of the Nd Fe B phase, via for example powder metallurgy or melt spinning techniques, and the presence of a Nd rich grain boundary phase. Attempts to make magnets without this Nd rich phase generally result in materials with low coercivities.
In 1987 Sagawa and Hirosawa showed that it was possible to achieve dramatic increases in the coercivity by simply increasing the volume of the intergranular phase. They developed boron rich sintered magnets that showed a remarkable increase in the coercivity as the boron content was increased from 8% to 37% [3] . The increase in coercivity was associated with the increase in the boron rich nonmagnetic intergranular phase which acted to isolate the (Nd,Pr) Fe B grains.
A number of studies have been undertaken to investigate the effect of relatively small variations in the Nd or Pr content on the coercivity in melt-spun magnets [4] - [6] . However, even at the highest rare earth contents of 20% the coercivity for these materials was still well below the theoretical coercivity predicted for a Stoner-Wohlfarth assembly of isotropic noninteracting single domain particles [7] .
In this paper the coercivity, time dependence and reversible magnetization behavior of materials with increasing volumes of Nd are described.
II. EXPERIMENTAL DETAILS
A series of alloys with a composition of Nd Fe B ( , 3.8, 8.9, 38.1 and 147.6) were prepared by melt-spinning and subsequent annealing of the amorphous or partially amorphous ribbons. The annealed ribbons consisted of -Nd, Nd Fe B with occasional traces of -Nd. The full details of the preparation and structure of the samples are given in [8] , [9] . The ribbons were ground and the powder pressed into discs with a diameter of 4 mm and a height of 0.7 mm-2.4 mm. Magnetic measurements were made with the field applied parallel to the diameter of the discs using a demagnetization factor calculated from [10] .
Hysteresis loops were measured in a VSM with a 12 T superconducting solenoid. Time dependence and reversible magnetization measurements were made in a VSM with a 5 T superconducting solenoid. Measurements along the demagnetization curve were made following saturation in 12 T. The procedure for the measurement and analysis of both the time dependence and the reversible magnetization are as described in [11] and [12] respectively.
III. RESULTS AND DISCUSSION
The hysteresis loops for the samples are shown in Fig. 1 . Two of the samples, Nd Fe B and Nd Fe B, show a twophase behavior that is attributed to a slight degradation of the ribbons. This two-phase behavior was not present in earlier tests of the same materials [8] , [9] .
Assuming that the nonmagnetic Nd phase completely surrounds the hard magnetic phase it is possible to estimate the relative average linear separation of the Nd Fe B grains from 
The coercivity of the samples versus the relative average linear separation is shown in Fig. 2 . The coercivity of the hard phase is determined as the high field peak in the susceptibility. There is a rapid jump in the coercivity between Nd Fe B and Nd Fe B. The detail of the change in coercivity between these two compositions can be found by plotting the data from previous work [4] - [6] in a similar manner to Fig. 2 , this is shown in Fig. 3 .
With little excess Nd the coercivity is fairly small. As the amount of Nd is increased the coercivity rises rapidly until 2.9. As more Nd is added the coercivity continues to rise but at a significantly reduced rate. These two regimes correspond to differences in the terms which dominate the intergranular interactions. For the intergranular exchange interactions dominate. As more Nd is added the grains become exchange decoupled by the paramagnetic Nd phase and so with the dipolar coupling between grains dominates and determines the coercivity.
The examination of the interdependence of the reversible and irreversible magnetization has been used to determine magnetization processes in magnetic materials [12] . The shape of the reversible magnetization curves ( vs. at constant ) and the behavior of the parameter defined as (2) can be compared to the behavior expected for coherent rotation and reversible domain wall movement.
The reversible magnetization curves obtained during demagnetization are shown in Fig. 4 . Nd Fe B and Nd Fe B show a small minimum that is indicative of reversible domain wall processes occurring during the demagnetization [12] . The effect of these reversible domain wall processes also result in the positive values of at low field as shown in Fig. 5 . In general the peak in reduces as the dilution is increased. The lower peak in for Nd Fe B is associated with its smaller grain size compared to the other samples [9] .
The reversible magnetization behavior in Nd Fe B and Nd Fe B shows no evidence of stable domain walls during demagnetization and is due only to coherent rotation. The behavior of for Nd Fe B is very similar to that predicted for a Stoner-Wohlfarth assembly of NdFeB particles.
In sintered NdFeB magnets reversible magnetization behavior that is qualitatively similar to the Stoner-Wohlfarth behavior can be achieved if the nucleation field exceeds the pinning field, and hence domain walls are no longer stable during demagnetization. This can be accomplished in materials showing domain wall pinning at room temperature by measuring the sample at low temperatures so that the anisotropy constant, and therefore nucleation field, is increased [13] . Investigations were carried out to see if the Stoner-Wohlfarth like behavior of Nd Fe B was due to its increased coercivity or due to the dilution of the Nd Fe B phase so that the reduced dipolar fields were no longer sufficient to pin the domain walls. The reversible magnetization behavior was measured at high temperatures (373 and 484 K). At these temperatures the coercivity of the Nd Fe B sample dropped to 23 kOe and 16 kOe respectively. If scaled to and the reversible magnetization curves and curves are all similar to the room temperature measurements for Nd Fe B and all exhibit Stoner-Wohlfarth like behavior. This suggests that the reversible magnetization behavior in Nd Fe B is due to the reduction in the dipolar interactions between grains caused by the dilution. The magnetic viscosity parameter :
was determined for each of the samples. For each of the samples the value of was averaged over a range and the results are plotted in Fig. 6 . There is no consistently increasing variation of with the average linear separation and hence with coercivity.
IV. CONCLUSIONS
The effective coercivity of Nd Fe B grains increases as the dilution of the hard phase by Nd is increased. At high dilutions the coercivity shows a linear relation to the relative average linear separation of the Nd Fe B grains. The reversible magnetization behavior approaches that predicted for a Stoner-Wohlfarth assembly of NdFeB particles as the dilution is increased.
